Background Accurate, reproducible, and noninvasive assessment of hip cartilage is clinically relevant and provides a means by which to assess the suitability of candidates for arthroscopic or open surgical procedures and the response to such interventions over time. Given the relatively thin cartilage of the hip and the complex spherical anatomy, however, accurately assessing the cartilage poses a challenge for traditional MRI techniques. Questions/Purposes We assessed the current status of imaging articular cartilage of the hip through a comprehensive review of recent literature. Methods We performed a literature review using Pub-Med. Topics included quantitative MRI, imaging of the hip cartilage and labrum, femoroacetabular impingement syndrome, and osteoarthritis of the hip. Where Are We Now? With the use of high in-plane and through-plane resolution, reproducible assessment of hip cartilage and labrum is clinically feasible. More recent quantitative MR techniques also allow for noninvasive assessment of collagen orientation and proteoglycan content in articular cartilage, thus providing insight into early matrix degeneration. These techniques can be applied to cohorts at risk for osteoarthritis, helping to predict cartilage degeneration before symptoms progress and osteoarthritic changes are visible on radiographs. Where Do We Need to Go? Prospective longitudinal data registries are necessary for developing predictive models of osteoarthritis and subsequent joint failure to assess the results of surgical intervention and predict the timing of arthroplasty. How Do We Get There? By establishing more hip cartilage registries, a correlation can be made between subjective measures and morphologic MRI to assess the cartilage, labrum, bone, and synovial lining of the hip.
Introduction
Patients commonly present with generalized hip pain in the presence of normal radiographs, posing a diagnostic dilemma for physicians. The etiology of mechanical hip pain can be either intraarticular or extraarticular, leading to an incredibly diverse list of differential diagnoses [7] . Some of the most common causes of hip and groin pain include osteoarthritis, labral tears, avascular necrosis, and fracture. Synovial proliferative diseases, snapping hip syndrome, and greater trochanteric pain syndrome can also produce hip pain. Chondral and labral pathology is commonly associated with disorders such as femoroacetabular impingement (FAI), developmental dysplasia (DDH), and slipped capital femoral epiphysis (SCFE), all of which can result in early osteoarthritis.
Given the recent increase in the number of hip arthroscopy procedures performed, studies have documented correlations between the results of preoperative MRI findings and intraoperative inspection of the joint [7] . The current status review of peer-reviewed literature demonstrates accurate assessment of cartilage can be achieved using high-resolution noncontrast or MR arthrographic techniques, the latter of which are obtained with the intraarticular insulation of dilute gadolinium compounds [20] . The advent of quantitative MR has provided a noninvasive means by which to assess articular cartilage biochemistry, and preliminary studies have applied these metrics to cohorts at risk for osteoarthritis [16, 21] . Assessment of hip cartilage biochemistry is essential to provide a more sensitive means by which to assess early osteoarthritis that may occur before development of morphologic changes perceived on standardized MR techniques or before the development of osteoarthritic changes on standardized radiographs.
In this review, we present the current state of MRI of the hip, including (1) conventional morphologic imaging techniques, (2) newer quantitative MRI techniques to assess tissue biochemistry, and (3) the application of these imaging techniques for cohorts at risk for osteoarthritis. We also discuss the optimal implementation of these techniques to assess the risk for osteoarthritis and the potential strategies for achieving multiinstitutional registries.
Search Strategy and Criteria
We performed a literature review using PubMed limited to articles published after 1997 (given the more rapid advancement in MRI techniques after this time) and those published in the English language (given restrictions in translational services). Topics included quantitative MRI, imaging of the hip cartilage and labrum, FAI syndrome, and osteoarthritis of the hip. Roughly 60 articles were initially referenced and 28 were used for the final publication.
Where Are We Now? Conventional Imaging Techniques
For best results, clinical hip MRI should be performed on a 1.5- (Table 1) or 3-T (Table 2 ) magnet, utilizing a two-part shoulder coil, small-field-of-view wrap coil, or multiplechannel cardiac coil. The phased-array torso coil is commonly used to image the hip, as it can increase the signal-to-noise ratio while maintaining visualization of both hips [27] . Moderate echo time fast spin echo (FSE) techniques with an effective echo time of 34 milliseconds at 1.5 T and 28 milliseconds at 3 T [24] yield optimal differential tissue contrast.
Coronal images provide optimal evaluation of the superior labrum, suprafoveal femoral head articular cartilage, and the cartilage over the lateral acetabular dome. The hip abductors, short external rotators, and the iliopsoas attachments are optimally evaluated in this plane. In addition, the abductor origins and the iliofemoral ligament are visible. Sagittal images provide optimal evaluation of the anterior labrum, where the majority of labral tears occur in the absence of a history of posterior subluxation [12] . In addition, the articular cartilage of the femoral head and acetabular dome can be evaluated. Axial images allow visualization of the anterior and posterior acetabular articular cartilage and labrum. The iliopsoas tendon and bursa are also well visualized, as are the sciatic, femoral, and obturator nerves. The bare area should be assessed on axial images for the presence of loose bodies or tears of the ligamentum teres in the presence of microinstability. Axial oblique images oriented along the axis of the femoral neck are commonly utilized in the evaluation of FAI syndrome. Axial images of the distal femoral condyles are commonly obtained for hip version analysis [24] . Large-field-of-view fat-suppressed images of the entire pelvis are useful for identifying the presence of edema and fluid collections and for detecting intrapelvic pathology, such as tumors.
Imaging of the Cartilage and Labrum
Cartilage, a metabolically active tissue made up of water, proteoglycan, and collagen, has unique MR signal characteristics. Traditional T1-weighted three-dimensional fatsuppressed gradient echo sequences allow for the differentiation between low-signal-intensity bone and highsignal-intensity cartilage but are less sensitive for partialthickness defects and result in substantial artifact in the postoperative setting. An intermediate-weighted twodimensional non-fat-suppressed FSE sequence is often favored, providing reduced scan time, accurate assessment of partial-thickness chondral defects, and good contrast between the bone, cartilage, and joint fluid [24] . MRI can demonstrate full-thickness cartilage defects, progressive degeneration, and fibrillation in the presence of preserved joint space on radiographs. Actively delaminating cartilage manifests as a hyperintense signal adjacent to the bonecartilage interface, where the water should be most restricted ( Fig. 1 ). MRI can also distinguish chondral shear from osteochondral fracture, the latter of which is amenable to primary bioabsorbable pin fixation [26] (Fig. 2) . Osteochondral lesions may also be noted, and considerations for MRI include not only the status of the articular cartilage but also the viability of the subchondral bone and potential stability of the lesion (Fig. 3) .
The fibrocartilaginous labrum appears as a low-signalintensity triangular structure attached to the acetabular margin. While abnormalities of the labrum are usually defined by changes in shape and signal intensity, Aydingoz and Ozturk [1] showed the appearance of the labrum varied with age and sex. Among the 180 asymptomatic patients examined, the labrums varied considerably in shape: 69.2% were triangular, 15.8% were round, 12.5% appeared flat, and 2.5% were not visible [1] . Given this variation, MRI findings of the labrum should always be correlated with the clinical presentation.
Tears of the labrum often coexist with lesions of the articular cartilage. Labral tears can be caused by traumatic injury, degenerative disease, or capsular laxity. The majority of labral tears affect the anterior aspect of the labrum and the less common posterior labral tears may be caused by posterior instability. On MRI, labral tears are indicated by an increased signal intensity with fluid signal between the labrum and acetabulum [27] . Labral tears are often associated with the development of paralabral cysts, which can lead to secondary osseous erosion.
MR arthrography is often thought to be superior to conventional noncontrast techniques for evaluating the cartilage and labrum. Typical MR arthrography sequences to evaluate the cartilage include fat-suppressed T1-weighted FSE images in all three planes. Additional fluid-sensitive images should be acquired. Given the recent increase in the number of hip arthroscopies performed each year, correlation between MRI and intraoperative findings is possible. Using standard MR arthrography protocols, Blankenbaker et al. [8] demonstrated a sensitivity of 70% and a specificity of 84% in detecting cartilage defects identified at arthroscopy. That study compared traditional arthrography sequences with iterative decomposition of water and fat with echo asymmetry and least-squares estimation with spoiled gradient echo (IDEAL-SPGR), demonstrating in the detection of cartilage lesions IDEAL-SPGR had a lower (p \ 0.001) specificity [8] . Focusing on patients with FAI, Schmid et al. [25] evaluated the diagnostic performance of MR arthrography in detecting cartilage and labral abnormalities. In all regions combined, the sensitivity and specificity of detecting surgically confirmed cartilage lesions were 79% and 77%, respectively, for the first reader and 50% and 84%, respectively, for the second reader [25] . In a more recent study, Byrd and Jones [9] compared the diagnostic accuracy of noncontrast MRI with MR arthrography in evaluating the articular cartilage of the hip. In detecting labral tears, this study found noncontrast MRI had a sensitivity of 25% and a specificity of 65% while MR arthrography has a sensitivity of 66% and a specificity of 75%. In evaluating chondral lesions, MRI had a specificity of 18% and a specificity of 100% while MR arthrography had a sensitivity of 41% and a specificity of 100% [9] . In those studies with reduced accuracy, careful review of both in-plane and through-plane (slice thickness) resolution often reveals thicker slices and larger pixel size, both of which may act to decrease lesion conspicuity.
While MR arthrography has been advocated for the evaluation of labral pathology, this technique requires intraarticular administration of gadolinium-based contrast, a procedure that is not without risks. Noncontrast MRI of the hip, utilizing an optimized protocol, is capable of identifying labral pathology without the need for intraarticular contrast. Mintz et al. [20] demonstrated detection of labral pathology using arthroscopy as the standard; 84 of 88 labral tears were correctly identified, with a sensitivity of 97% and accuracy of 93%. In the same study, an accuracy of 87% to 88% and weighted-kappa measures of reproducibility of 0.8 (p \ 0.001) were achieved for articular cartilage over the dome and femoral head, demonstrating reproducible and accurate assessment of the cartilage is possible without the increased risk and cost of intraarticular contrast [20] . The decision to image using either MR arthrography or high-resolution noncontrast techniques should be based on the personal experience of the referring clinician and his/her MR radiologist, comparing the preoperative imaging to findings at arthroscopy.
Where Are We Now? Advanced Quantitative Cartilage Imaging Techniques
Quantitative MR techniques are increasingly being used to noninvasively assess collagen orientation and proteoglycan content in articular cartilage to detect early osteoarthritis before the development of morphologic changes on standardized MRI or radiographs. Charged gadolinium contrast agents, T1q, sodium MRI, T2 relaxation, and cartilage volume/thickness mapping are all powerful tools used to complement conventional morphologic images [13] . These techniques show great promise in providing predictive models of osteoarthritis and helping to predict time of joint failure.
T2 Mapping
Direct calculation of the transverse relaxation time constant, T2, can provide quantitative information regarding the collagen orientation of cartilage. This technique involves the acquisition of several images per slice, each at a different echo time. Calculating the slope of the T2 decay curve allows for determination of T2 on a pixel-by-pixel basis. T2 values are color coded and mapped onto a grayscale image. The resulting T2 map provides a visual assessment of water content and collagen fiber orientation; in the deep zone of cartilage near the subchondral plate, the relaxation times are shorter due to the high order of the collagen in the radial zone. More prolonged values are found in the transitional zone, closer to the articular surface. Alterations in the expected zonal stratification allow recognition of areas of early osteoarthritis, sometimes with morphologically normal cartilage [14, 17] (Fig. 4 ).
T1q
Spin lattice relaxation in the rotating frame, or T1q, is a cartilage-mapping technique that discerns regional differences in proteoglycan content of native cartilage without the use of intravenous contrast. Given the laminar architecture of cartilage and the differential distribution of proteoglycan within each layer, T1q allows one to discern areas of abnormal proteoglycan content corresponding to foci of cartilage degeneration. Elevated T1q values reflect areas of proteoglycan depletion [17] . The utility of this technique in detecting early cartilage degeneration has been documented at clinical field strengths [10, 15] (Fig. 4) .
Delayed Gadolinium-Enhanced MRI of Cartilage
Delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) is an imaging technique that relies on the differential distribution of a negatively charged diethylenetriaminepentaacetic acid gadolinium(III)dihydrogen salt (Gd-DTPA) within articular cartilage. The differential distribution comes from the interaction between negatively charged glycosaminoglycans (GAGs) and negatively charged Gd-DTPA salt, which results in contrast distribution inversely proportional to the amount of GAG present. Cartilage degeneration results in depletion of proteoglycan, resulting in increased uptake of gadolinium as compared to normal cartilage. This technique requires the intravenous administration of a relatively large amount of gadolinium, followed by a 15-minute course of light exercise to disperse the gadolinium; imaging is typically performed 45 to 90 minutes after injection, although some suggest a shorter time may be adequate [2, 14] .
Quantitative MRI shows great promise for providing predictive models of osteoarthritis with the hope of predicting time of joint failure. More data are needed from prospective studies to achieve this aim.
Where Are We Now? Imaging Cohorts at Risk for Osteoarthritis

DDH and SCFE
In adults with DDH, MRI shows a characteristically shallow fovea and acetabular dome, with cartilage loss and hypertrophy of the anterior and superior labrum (Fig. 5 ).
Early signs of cartilage degeneration on MRI include chondral hyperintensity and loss of normal grayscale stratification. Surface fibrillation may also be noted, which is commonly seen before more substantial cartilage loss. Quantitative MR techniques are helpful for determining the degree of cartilage loss and can aid in identifying patients suitable for periacetabular osteotomy versus those who require arthroplasty [24] . Kim et al. [16] showed dGEMRIC is a sensitive measure for the development of early osteoarthritis in patients with DDH. This group also showed dGEMRIC was the most important predictor of failure of periacetabular osteotomy [11] . Finally, T2 mapping of the hip has been used to detect early osteoarthritis in patients with DDH [21] . In patients with clinically suspected SCFE, MRI can demonstrate the angular deformity at the metaphysic, the status of the cartilage, and any signs of osteonecrosis. MRI is also useful in assessing the physeal closure after surgical treatment and the development of any postoperative complications such as avascular necrosis or secondary FAI, even in the presence of instrumentation [6] (Fig. 6 ).
FAI Syndrome
While radiographs are generally used to diagnose FAI, MRI is useful for evaluating the articular cartilage and labrum, detecting early features of osteoarthritis when radiographs are negative. The oblique axial view is used to define and measure the insufficient offset at the head-neck junction. It is also helpful for measuring the alpha angle, a quantitative measure of the prominence of the anterior head-neck junction. Notzli et al. [22] studied the use of the alpha angle and determined angles of 50°or greater are suggestive of cam impingement. However, pincer impingement is typically characterized by normal alpha angles [3] . While some investigators have questioned the variability in alpha angle measurements [18] , with consistent and careful attention to measuring techniques (sometimes requiring radial acquisitions to define the point of maximum offset deficiency), the alpha angle can be used as a reproducible diagnostic tool [4] . Three-dimensional CT may also be helpful in discerning the bony anatomy in FAI and specialized software may be used to predict the increase in flexion possible from an arthroscopic neck débridement [5] .
MRI specifically of cam-type impingement shows insufficient head-neck offset and rapid cartilage loss over the anterosuperior margin of the dome. Active delamination may be seen, manifesting as hyperintensity in the basilar component of the cartilage over the anterior dome [24] (Fig. 7) . Evaluation of the femoral head will demonstrate an osseous deformity at the anterolateral aspect of the femoral head-neck junction, often with intraosseous ganglion cysts adjacent to the anterior capsule and thickening of the iliofemoral ligament. Regional scarring of the synovial lining may also be present. MRI of pure pincer impingement demonstrates intralabral ossification at the anterior margin of the joint and the lateral margin of the dome, as well as anterosuperior impingement against the proximal medial acetabular rim [28] . Frank coxa profunda and acetabular retroversion may also be seen [27] . Pincer impingement manifests with primary labral failure followed by slower, progressive cartilage loss.
It is clear many patterns of FAI exist, often with subtle imaging differences. While males more typically present with the classic appearance of proliferative bone formation, FAI in females is often associated with less prominent cam lesions; indeed, neck sclerosis or subtle periosteal bone formation may be the only features noted (Fig. 8) . FAI in females is also seen with coxa valga or DDH, thus confounding surgical decision making, as treatment of these conditions are quite different. Careful review of the radiographs and MRI, combined with a thorough clinical examination, will result in a definitive treatment.
In the postoperative setting, MRI can assess the degree of neck débridement and may be used as a noninvasive tool by which to assess the progression of osteoarthritis. Complications may also be detected, such as insufficiency fractures of the femoral neck, particularly in females ( Fig. 9 ), as well as postsurgical deficiencies of the iliofemoral ligament and capsule, which may be implicated in instability patterns (Fig. 10) . After labral repair, the presence of fluid imbibition into the repair site or a displaced fragment is most predictive of failure to heal or retear, respectively (Fig. 11) .
Despite the recent enthusiasm for the use of MRI to diagnose FAI, some argue caution is needed in making diagnostic decisions based on imaging findings [23] . Moreover, it has been suggested impingement syndromes exist in roughly 10% to 15% of the population, but symptomatic osteoarthritis is far less common. Therefore, criteria need to be established to help determine which patients would benefit from surgical intervention and MRI is extremely well suited to aid in this distinction [27] .
Discussion
Chronic generalized hip pain is commonly seen in clinical practice and the number of hip arthroscopies performed each year is expected to double by 2013 [19] . Given this, we presented the current state of MRI of the hip, including both conventional morphologic imaging techniques and newer quantitative techniques to evaluate the cartilage. Applying these techniques to cohorts at risk for osteoarthritis will provide a means of noninvasively assessing the biochemistry and morphology of cartilage, which can help guide clinical management.
The literature and our review are subject to a number of limitations. First, only articles in the English language were used, as translation services were limited. Second, only publications before 1997 were referenced, given the fact that MRI of cartilage is an incredibly dynamic field and major advancements have been made in the past decade. Third, it is definitely possible that studies are in press and thus not available for review. This process limits the conclusions that may be drawn from this review; in particular, the lack of prospective, longitudinal data sets limits our ability to develop predictive hypotheses about the rate of progression of cartilage morphologic change or depletion of matrix, as denoted by quantitative MRI.
Currently, both high-resolution noncontrast MRI and MR arthrography provide reproducible, accurate assessment of hip cartilage, labrum, bone, and synovial lining. FSE techniques using a moderate echo time on either a 1.5-or 3-T magnet yield optimal tissue contrast for imaging the hip. An intermediate-weighted, water-sensitive two-dimensional non-fat-suppressed gradient echo is useful for imaging the cartilage and labrum, accurately detecting partial-thickness chondral defects. While some consider MR arthrography to be superior to conventional MRI for evaluation of labral pathology, our institution has demonstrated, using an optimized protocol, reproducible and accurate assessment of the cartilage and labrum is possible without the increased risks of intraarticular contrast. Controversy still exists regarding the optimal means by which to assess the articular cartilage of the hip for regional morphologic change. By comparing the preoperative imaging with findings at arthroscopy, radiologists can determine whether MR arthrography is necessary to accurately detect cartilage and labral pathology.
Quantitative MR techniques such as dGEMRIC, T2 mapping, and T1q can detect changes in collagen orientation and proteoglycan content, providing insight into early matrix degeneration. This biochemical assessment of the hip cartilage provides noninvasive information that can detect early osteoarthritic changes that may be occult on conventional MR images and radiographs.
High-resolution noncontrast MRI and newer quantitative techniques can be used to identify early signs of cartilage degeneration. These techniques are perhaps most helpful in cohorts at risk for developing early osteoarthritis, such as those with FAI, DDH, or SCFE. In patients with early osteoarthritis and minimal joint damage, surgery to correct the bony deformity can improve symptoms; however, more longitudinal data are needed to determine whether these procedures delay the natural progression of osteoarthritis.
More longitudinal data from hip registries are needed to build predictive models of joint failure, assess the results of surgical interventions aimed at delaying the progression of osteoarthritis, and help to predict the timing of arthroplasty. Multiinstitutional research efforts should correlate MRI assessment of cartilage morphology, labral integrity, and the synovial lining, using a standardized cartilage scoring system, with quantitative MR techniques that assess both proteoglycan content (dGEMRIC, T1q) and collagen orientation (T2 mapping).
Longitudinal assessment using quantitative MRI will allow for the establishment of quantitative threshold values of the dGEMRIC index, T2 relaxation time, or T1q that are predictive of osteoarthritis and joint degradation that require arthroplasty. These studies should be focused on cohorts at risk for the development of early osteoarthritis, such as those with FAI or DDH. The imaging data can then be correlated to standard radiographic assessment and subjective clinical outcome instruments of pain and function. Given the latter instruments may be affected by extraarticular pathology, additional assessment of the adjacent soft tissues, such as the hip abductors, is necessary. Without the addition of objective imaging of cartilage and synovium as an independent outcome measure in longitudinal registries, the information is limited to the subjective outcome instruments of pain and function rather than the direct assessment of cartilage biology. Further, these measures will enable a noninvasive means by which to assess response to treatment, be it surgical or pharmaceutical. For example, does neck débridement for FAI actually slow the rate of cartilage matrix depletion compared to unoperated controls, as assessed by T1q and T2 mapping? Does intraarticular viscosupplementation affect cartilage homeostasis and matrix production? The correlations derived from such longitudinal data could then be used to develop predictive models of osteoarthritis and the factors that dictate a more rapid progression to joint arthroplasty, ultimately helping to identify patients who would benefit from early intervention and guide clinical management.
